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Abstract 
Railway ballast is a highly heterogonous material consisting of a multitude of stone sizes with varying physical 
characteristics. It is a critical layer of railroad track structures providing drainage, strength, stability and load 
distribution.  Ballast degrades under cyclic train loads and needs to be maintained to prevent rail misalignment, 
settlement and buckling, which may necessitate lower train speeds to prevent derailments.  This paper utilizes the 
Discrete Element Method (DEM) code PFC2D to model the behaviour of railroad ballast under cyclic loading.  It 
introduces two innovative approaches to capture stone angularity by fitting circular shapes into each stone shape.  
One of these methods involves a MATLAB® routine and the other an AutoCAD® routine.  Inter-particle contact 
laws in these agglomerations of circular elements reflect the strength of the stones.  The advantage of these two 
techniques over the conventional clumping technique is that they allow modelling stone breakage which is a 
leading cause of ballast degradation.  Previous studies have implemented techniques to simulate the behaviour of 
a circular particle idealized as a single aggregate under cyclic loads. Three different techniques are presented in 
this study to better understand the natural behaviour of ballast under loading. In this paper, particle angularity is 
being introduced by using another method. This numerical study demonstrated the effect of aggregates particle 
shape on the overall performance of railroad ballast as measured by permanent deformation and degradation of 
the ballast. 
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1. Introduction  
A traditional railway track structure consists of parallel steel rails and wooden sleepers on a 
crushed stone base known as ballast. The degradation of the stone ballast due to repetitive axle loads 
leads to rough track and uneven ride. Furthermore, differential settlement of the ballast could result in 
train derailments. Over the past several years various studies have been conducted on the mechanical 
response of ballast subjected to cyclic loading. The Discrete Element Method (DEM) is the most 
suitable approach to simulate the mechanical behavior of granular materials under large strain. DEM 
was used by Huang and Tutumluer [1]   to investigate the effect of fouling on ballast using two 
different fouling scenarios: shoulder fouling and track center fouling. Coal dust was chosen as the 
fouling agent due to its poor mechanical properties. Half-track DEM simulations showed that fouling 
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could lead to unfavorable track distress such as unsupported or hanging ties. Results demonstrated that 
the shoulder fouling scenario was critical and should take priority in track maintenance.  
The literature suggests that capturing the shape and angularity of the stones is important in 
modelling railway ballast. Tutumluer and Huang [2] made a comparison of ballast performance 
between angular, sub-rounded and rounded stone shapes using a half-track model. Three different 
wheel load magnitudes were applied on a single sleeper at three different load frequencies.  For a 
single sleeper system, the DEM simulations revealed that a ballast of rounded stones resulted in lower 
ballast settlement and tendency to shakedown, given that the ballast was compacted prior to loading. 
Huang and Chrismer [3] used a 3-D dynamic track model composed of three ties to predict ballast 
response under freight and passenger train traffic. As expected, trains moving at higher speed increase 
ballast settlement due to the higher vertical and horizontal vibrations of the track associated with such 
speed. Another comprehensive study taking into consideration not only aggregate shape but ballast 
material was performed by Tutumluer et al. [4]. Four different ballast material were analyzed in a full-
track DEM simulation. The ballast considered was according to AREMA 24 [5]. Four gradations were 
considered. DEM estimated settlements were compared with field measurements for four different 
ballast sections. These simulations suggested that flat and elongated particles result in the highest 
settlements compared to rounded particles, which exhibited the lowest permanent deformation. DEM 
was also used by Lobo-Guerrero and Vallejo [6] to study the effect of crushable and uncrushable 
ballast stones in a simulated track section. These results showed that the vertical permanent 
deformation for breakable ballast is higher than that for the unbreakable material. Moreover, previous 
research done using the DEM code Particle Flow Code in 3-D (PFC3D) [7] found a correlation between 
the aggregate shape and the quasi-static mechanical behavior of ballast [8, 9].  
Eberhard [10] used a method to capture the strength and failure properties of hard rock by creating 
aggregates composed of spherical particles. Each aggregate was generated by bonding adjacent 
densely packed particles. The strength of the granular solid generated was tested in uniaxial and 
triaxial compression laboratory tests. Furthermore, Qian et al. [11] characterized the properties of 
ballast by performing large scale triaxial tests under controlled monotonic and repeated loading 
conditions, in addition to DEM modeling. Results showed that the DEM simulation could model 
confinement and applied stress conditions on cylindrical specimens and capture the stress-strain 
behavior of ballast. Lu and McDowell [12] presented a different approach for modeling railway 
ballast. It involved clumping spherical elements to approximate stone shape. This allowed predicting a 
more realistic ballast behavior, but did not allow modelling any breakage within these clamps.   
Thakur et al [13] implemented angularity in 2D by importing some images of aggregates to AutoCAD, 
each aggregate was composed of tangential circles which are then transferred to PFC2D by extracting 
their radius and central coordinates. 
2. Objectives  
The objective of this study is to study the importance of capturing ballast shape properties and its 
effect on numerical simulation results. Two methods for capturing stone angularity in DEM modelling 
of railway ballast through utilizing software code PFC2D 4.0 [7] were studied:    
x Method 1: Stone shapes captured by 2-D images are represented as hexagonal close-packed 
assemblies of circular elements with inter-particle bonds reflecting the strength of the stones. 
A MATLAB routine was used to achieve this.   
x Method 2: Stone shapes captured by 2-D images are represented by filling each with 
tangential circular elements generated using AutoCAD® following the procedure described 
in [13].  The radii and central coordinates of each element are exported to PFC2D in order to 
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generate the shape of each aggregate, and inter-particle bonds were assigned to reflect the 
strength of the stones. 
The advantage of these two methods over “clumping” circular elements into a stone shape is that they 
allow modeling breakage of the composite stone shapes. Their disadvantage is that they require 
additional computational time in performing the inter-particle force-displacement calculations within 
each composite stone.  The results obtained by the two methods above will be compared with DEM 
simulations assuming that stones are singular circular particles.  
3. Capturing Ballast Stone Shape  
This study uses the DEM technique to simulate the behavior of railroad stone ballast under cyclic 
loading.   Stone ballast of four distinct shapes is considered, namely angular, sub-angular and rounded 
and sub-rounded.  Since PFC can handle only circular particles, angular stones need to be represented 
using assemblies of circular elements.  PFC has a built-in “clumping” function whereby the assemblies 
of elements comprising a shape, such as a stone, are considered as a singular object.  This reduces 
computational time because it avoids force-displacement calculations between circular objects within 
a clump, but it does not allow simulation of breakage of the clumped particle.  Fitting circular objects 
into each stone shape and specifying inter-element contact laws that correspond to the strength of the 
stone allow modelling stone particle breakage during cyclic loading.   
2D images of stone particles were obtained from Aggregate Imaging System (AIMS) database 
available to the research team. Four different sets were used based on the angularity of the particles: 
Angular, Sub-Angular, Sub-Rounded, and Rounded (A, SA, SR, and R). Two methods are proposed to 
capture the stone shapes, the first method is based on fitting hexagonally close-packed circular 
elements within the 2D images (Figure 1-a), while the second method utilized an AutoCAD® routine 
following [13].  Each 2D aggregate is filled with tangential circles, with the objective of minimizing 
the number of circles to capture the shape (Figure 1-b). Minimizing the number of elements 
representing the stone shape will reduce the computational time. 
 
 
Fig. 1. Aggregate shape representations a) Hexagonal packing; b) AutoCAD routine 
 
Additionally, a simplified method based on using single circular particle as representation of a 
stone [6, 14] was used as reference to compare to the methods presented in this paper. Breakage is 
introduced based on the magnitude of the forces acting on the particle; its coordination number and its 
size. Figure 2 illustrates the concept of the breakage criteria, more details can be found in [6, 14]. 
 
Fig. 2. Induced tensile stress on an aggregate and the result after breakage. (After [6]) 
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4. DEM Contact Bonds 
In DEM two elements are in contact if the distance between the canters of two adjacent elements is 
equal to or less than the summation of their radii. The contact behaviour is described using up to three 
models: slip, stiffness, and bonding. The slip model allows slipping to occur between discrete 
elements by limiting the shear force. The input parameter for this model is the friction coefficient (μ). 
The maximum allowable contact shear force is equal to the coefficient of friction multiplied by the 
normal force at that contact. The stiffness model relates the contact forces and relative displacement in 
the normal and shear directions (normal and shear stiffness).While the bonding model is a strength 
parameter above which a bond breaks. For this study the linear contact model which includes the 
contact bond behaviour is used. A contact bond works as a pair of elastic springs with normal and 
shear stiffness at the contact. In the first two methods, it is important to set these parameters to each 
group of aggregates before the simulation starts. If the magnitude of the tensile normal contact force 
equals or surpasses the normal contact bond strength, the bond will break. On the other hand, if the 
magnitude of the shear contact force equals or exceeds the shear contact bond, the bond will break. 
The relationship between force and displacement regarding the normal and shear values of the contact 
is illustrated in Figure 3. The normal and shear bond strength, stiffness’s, and other DEM parameters 
used in this study are summarized in table 1, these parameters were selected as a reference properties 
from the literature [6, 14]. 
 
Fig. 3. Normal and shear values of contact force. (After 7) 
 
 
DEM balls Walls 
Normal stiffness 1e8 KN/m Normal stiffness  109 KN/m 
Shear stiffness 1e8 KN/m Shear stiffness  109 KN/m  
Contact bond normal strength 9.42x103 KN Friction  0.7  
Contact bond shear strength 9.42 x103 KN   
Density 2500 kg/m^3   
Friction  0.7    
Table 1. DEM parameters 
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5. Rail Track Ballast Section  
A track section model was created in DEM. The dimensions of this model are 2.1 m width and 0.6 
m height. Stone particles generated with method 1 and 2 were randomly placed within the track ballast 
section. The placement routine used a random number generator to locate the particles; however, the 
routine did not allow overlap between the particles. The number of ballast stones generated for both 
methods was selected to achieve a 0.45 m height of the ballast bed and a porosity of 0.3 [6]. The 
simulation starts by allowing the particles to fall under gravity, until the unbalanced forces reaches a 
minimum value 10-6 N, the next step was to compact the particles assembly, a wall moving down at a 
velocity equal to 1 x 10-7 m/step was introduced to perform the compaction. The compaction wall was 
then deleted and three sleepers were situated over the stone particles (Figure 4). At this point cyclic 
loading was induced by a servo-control mechanism which controls the displacement of the three 
sleepers simultaneously. The sleepers velocity was set to a constant value of 1 x 10-7 m/step 
downward, once the contact force is equal to 62 kN, the velocity is reversed to move the sleepers 
upward until the contact force is zero. The action of loading the sleepers up to 62 kN and back to zero 
comprise once loading cycle. The contact force of 62 kN was suggested by previous studies [6, 14], 
and it also falls within the typical rail axle load of 50 to 120 kN [1,2].  
 
 
Fig. 4. Track ballast section: a) Method 1; b) Method 2 
6. Results 
6.1 Method 1 – Hexagonal Assemblies 
 
Table 2 represents the permanent deformation for the four aggregate used in this study: A, SA, SR, 
and R, after 200 loading cycles. In addition to the reference contact bond strength in table 1 (case 1- 
bond strength of 9.42x103 kN), two additional cases were considered: case 2- bond strength 4.71x103 
kN, and case 3 - bond strength of 9.42x102 kN. The maximum permanent deformation for the angular 
b
)
a
)
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cases is equal to 0.1875 cm, this occurs when the value of the contact bond is set to 9.42 x102 for run 
A3. Runs A1 and A2 have the same deformation even though their contact bond values are different. 
The behaviour of the vertical displacement for runs A1 and A2 were inconsistent. The rearrangement 
of ballast beneath or in the sides of the crosstie when the force is being released could be one of the 
reasons of this comportment. Only in run A3 the sleeper always has the tendency to continuously go 
down, which might be due to the continuous breakage of the particles. The subangular results were 
very similar to the angular case with cases 1 and 2 yielding very close permanent deformations while 
case 3 had the maximum permanent deformation. Figure 5 shows how the contact forces developed in 
that specific area before breakage occurred. As illustrated in table 2, rounded ballast had similar 
permanent deformation for cases 1 and 2, and the maximum deformation is found when the contact 
bond is set to 9.42 x102, also this is the maximum permanent deformation of all the different ballast 
shapes tested in method 1. The subrounded shape had interesting results with the more permanent 
deformation in case 1 compared to case 2, while case 3 had the maximum of the three cases, which is 
consistent with the other three particle shapes. It’s hypothesised that the high strength for case 1 
caused the particles to rearrange and compact rather than partially break and resist deformation (case 
2). 
 
Permanent Deformation (cm) 
Case 1 A1 0.05 SA1 0.07 R1 0.0595 SR1 0.0815 
Case 2 A2 0.05 SA2 0.0945 R2 0.0595 SR2 0.0225 
Case 3 A3 0.1875 SA3 0.343 R3 0.923 SR3 0.11 
Table 2. Vertical deformation for Method 1 after 200 loading cycles 
 
 
Fig.5. Particle breakage – Sub angular 
 
6.2 Method 2 – AutoCAD Routine 
 
Similar to Method 1, the same three contact bond strength cases were considered for particle 
shapes: A, SA, SR, and R. Table 3 represents the permanent deformation after 200 loading cycles for 
each aggregate shape and bond strength cases. The maximum permanent deformation for the angular 
cases is equal to 3.2495 cm, which corresponds to the lowest bond strength case. Figure 6 shows the 
relationship between permanent deformation and the contact force for the A1 case, similar trend was 
observed for case A2 but not A3 due to the excessive breakage due to the low bond strength. 
Examining the results in  Table 3, indicates two major outcomes: case 2 had lower permanent 
deformation than case 1 for all aggregate shapes, and the rounded particles exhibited the least 
permanent deformation when compared to other shapes case by case.  The authors believe that these 
inconsistences are due to the shape representation method, as discussed earlier the AutoCAD routine is 
based on minimizing the number of elements to represent the particle shape, the main shortcoming of 
this method is that the representation is not accurate, furthermore, once the bonds start to break, the 
result is a large circular element surrounded by smaller elements, this artefact is inherited from the 
method itself. 
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Permanent Deformation (cm) 
Case 1 A1 0.7805 SA1 1.2435 R1 0.4165 SR1 0.5815 
Case 2 A2 0.6715 SA2 1.138 R2 0.148 SR2 0.44 
Case 3 A3 3.2495 SA3 3.4725 R3 2.2845 SR3 2.676 
Table 3. Vertical deformation for Method 2 after 200 loading cycles 
 
6.3 Simplified Method - Circular Ballast Stones 
 
The track ballast section for the simplified method is illustrated in Figure 7. The total deformation 
for this case at the end of the simulation was 14.35 cm. Most of the breakage occurs underneath the 
sleepers all the way to the bottom of the model, only few crushable particles are found far from the 
sleeper’s zone. The induced permanent deformation is completely different from the other two 
methods presented; since each ball is treated as a singular aggregate more particles are crushed during 
the first cycles which manifest itself on the contact force vs deformation curve illustrated in Figure 8, 
the contact force doesn’t increase gradually as expected, rather, it increase with fluctuation due to 
continuous particle breakage. This is not consistent with the behaviour for methods 1 and 2, which is 
more reasonable. 
 
 
Fig. 6. Vertical deformation of Sleeper, Method 2, Angular Shaped Stones 
 
Fig. 7. Track ballast section – simplified method 
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Fig. 8. The total permanent deformation as a function of cyclic loading – Simplified method 
 
7. Discussion and Conclusions 
A DEM model was developed to study ballast behaviour under cyclic loading. Two innovative 
approaches to capture stone angularity by fitting circular shapes into each stone shape were adopted.  
One of these methods involves a MATLAB® routine to generate hexagonal close-packed assemblies 
and the other an AutoCAD® routine.  Inter-particle contact laws in these agglomerations of circular 
elements reflect the strength of the stones. For the first method simulations, angular and sub rounded 
shapes had the smallest permanent deformation from the three contact bond values; sub angular and 
rounded shapes present the maximum deformation thus meaning that ballast with these forms could 
lead to a differential settlement in the track. The simulations for Method 2 revealed several 
inconsistences, and it’s believed that this is due to the minimum number of discrete elements used to 
capture the stone shape.  For example, the three sub angular runs have the maximum deformation in its 
subcategory (contact bond), then they are followed by the angular tests, sub rounded and finally 
rounded trials which have the minimum permanent deformation. Additionally, a simplified method 
based on using single circular particle as representation of a stone was used as reference to compare to 
the two methods in this paper. For this method, the permanent deformation was 14.35 cm, the 
configuration of this technique could be one of the reasons why it presents a large sedimentation. 
Since each ball is treated as a single aggregate, the confining pressure will be only acting on a single 
particle rather than in a group of elements as in Methods 1 and 2, where the contact bond property is 
used. Based on the results of the simulation presented in this paper, the following conclusions can be 
drawn: 
1. The simplified method is not recommend to study ballast behaviour, although the method 
could give a general idea of the behaviour, it has several drawbacks: a) the crushing is 
localized in bands under the sleepers, b) the assumption of circular stones is unrealistic, and c) 
the excessive crushing of particles underneath the sleeper leads to extended computational 
time. 
2. The AutoCAD routine method is more promising than the simplified method, however, with 
its objective being to minimize the number of discrete elements in the model, the stone shape 
is not accurately captured, additionally as the simulation progress and breakage occurs, the 
particles become “unbreakable circular” stones.  
3. The hexagonal assemblies’ method showed the most promising and realistic results among the 
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three methods, it is capable of accurately capturing different stone shapes and was sensitive to 
the bond strength. 
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